A total of 61 strains, including members of all five currently described pathogenicity groups of Xanthomonas campestris pv. citri (groups A, B, C, D, and E) and representing a broad geographical diversity, were compared by using sodium dodecyl sulfate-polyacrylamide gel electrophoresis of whole-cell proteins, gas chromatographic analysis of fatty acid methyl esters, and DNA-DNA hybridization. We found that all of the pathogenicity groups were related to each other at levels of DNA binding of more than 60%, indicating that they all belong to one species. Our results do not confirm a previous reclassification of X. campestris pathogens isolated from citrus in two separate species (Gabriel et al., Int. J. Syst. Bacteriol. 39:14-22, 1989). Pathogenicity groups A and E could be clearly delineated by the three methods used, and group A was the most homogeneous group. The delineation of pathogenicity groups B, C, and D was not clear on the basis of the results of sodium dodecyl sulfate-polyacrylamide gel electrophoresis of proteins and gas chromatography of fatty acid methyl esters, although these groups constituted a third subgroup on the basis of the DNA homology results.
Bacterial canker disease of citrus, which is caused by Xanthomonas campestris pv. citri, is characterized by raised lesions on leaves, twigs, and fruits. Severe infestations can result in abscission of leaves, premature fruit drop, and dieback (1, 21) . On the basis of host range, serology, phage typing, and geographical distribution, four forms of citrus canker were recognized prior to 1984 (1, 3, 9, 21) . The most severe and damaging form, form A (the Asiatic form), is native to Asia, but is found in many citrus-growing regions all over the world. This form occurs on sweet orange (Citrus sinensis), grapefruit (Citrus paradisi), lemon (Citrus limon), Mexican lime (Citrus reticulata) and, to a lesser degree, on other rutaceous plants, such as trifoliate orange (Poncirus trifoliata). Form B (cancrosis B) occurs primarily in Argentina, but it also occurs in Uruguay and Paraguay. The most susceptible hosts are Mexican lime and lemon. Form C (Mexican lime cankrosis) is found in Brazil; this form is restricted to Mexican lime. Form D of citrus canker (Mexican bacteriosis) occurs in Mexico on Mexican lime.
In 1984, a new bacterial citrus disease which was thought to be caused by X. campestris pv. citri was reported in Florida citrus nurseries (19). This disease was referred to initially as the Florida nursery form of citrus canker (18) and most recently as citrus bacterial spot (10, 12, 14) . On the basis of distribution, host range, and symptom development and later on the basis of restriction fragment length polymorphism (RFLP) patterns, it became clear that the pathogens associated with the Florida nursery disease were substantially different from those associated with citrus canker. The typical symptoms are flat water-soaked spots of various sizes, sometimes surrounded by necrosis, that appear on leaves and twigs of infected trees. In contrast to citrus canker, fruits are usually not infected, and defoliation or dieback does not occur (18) . Extensive variations in aggressiveness have been observed (11, 12) . The disease occurs * Corresponding author.
predominantly on Swingle citrumelo, a hybrid between trifoliate orange and grapefruit. The second most important host is grapefruit.
Although it is known that the xanthomonads that are associated with the respective disease forms are different biological entities (14), the relationships among the different groups of organisms are not yet fully understood. On the basis of the results of a comparison of restriction endonuclease fingerprints of genomic DNAs (13), group A and B strains of X. campestris pv. citri were clearly distinguished from each other; each of these groups constitutes a clonal group. Group B and D strains could not be differentiated from each other. The causal agents of the disease in Florida have been referred to as members of X. campestris pv. citri group E (13) or, more tentatively, Florida citrus nursery strains (14). On the basis of the results of a RFLP analysis of genomic DNAs, the Florida nursery strains did not constitute a single homogeneous group (7, 12, 14) . Only the aggressive group E strains were found to be clonally related (12). A RFLP analysis (7) revealed that group B, C, and D strains of X. campestris pv. citri were clonally related to each other but highly distinct from group A strains (7). However, the results of another RFLP comparison suggested that there is a significant relationship between group A and groups B, C, and D (14). Gabriel et al. (8) proposed that strains belonging to the former taxon X. campestris pv. citri should be reclassified into Xanthomonas citri (group A), X . campestris pv. aurantifolii (groups B, C, and D), and X. campestris pv. citrumelo (Florida nursery strains [group El).
In a comment on the article by Gabriel et al., Young et al. (25) stated that the reclassification proposals made were defective in terms of current taxonomy and plant pathology standards. These authors proposed provisional retention of the subdivisions as groups A, B, C, D, and E of X. campestris pv. citri to designate the different pathogenicity groups, until further study established the overall relationships among the xanthomonads isolated from citrus. Below, we use this nomenclature.
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We describe here the results of a comparative study of 61 X. campestris strains that were isolated worldwide and represented the causative agents of five currently described disease forms of citrus bacterial canker and bacterial leaf spot. The strains were analyzed and compared numerically by determining sodium dodecyl sulfate (SDS)-polyacrylalmide gel electrophoresis (PAGE) patterns of cellular proteins and gas chromatographic fingerprints of cellular fatty acid methyl esters (FAMEs). In order to reveal the overall genomic relationships among strains formerly classified as X. campestris pv. citri, it was necessary to compare complete genomes by using DNA-DNA hybridization (24, 25); a subset of representative strains was selected for DNA-DNA hybridization.
MATERIALS AND METHODS
Bacterial strains. A total of 61 X . campestris strains that were isolated from citrus species were studied. These included 24 group A strains, 3 group B strains, 3 group C strains, 1 group D strain, 18 group E strains, and 12 strains obtained from culture collections, for which the group assignments were not known. The pathogenicities and types of reactions of all of the strains except the culture collection strains have been determined previously (2, 6, 8, 11, 14) . The strains which we used are listed in Table 1 .
SDS-PAGE of whole-cell proteins. All of the strains were analyzed by electrophoresis of whole-cell proteins. The methods used for cultivation of cells and preparation and electrophoresis of SDS protein extracts have been described elsewhere (23). Profiles were densitometrically recorded and istored as normalized records of 400 points on a PC-AT (computer. The level of similarity between pairs of traces was (calculated by using the Pearson product-moment correlation (coefficient (r) (20). A cluster analysis was performed by using the unweighted average algorithm.
Gas chromatographic analysis of FAMEs. Bacterial strains were precultured for 3 days on nutrient agar slants (0.1% [wt/vol] [wt/vol] agar). The precultures were streaked onto plates containing 3.0% (wt/vol) Trypticase soy broth (BBL) supplemented with 1.5% (wtfvol) Bacto Agar (Difco), and the plates were incubated at 28°C for 48 h. A loopful of cells from the overlap area of the second and third series of streaks was harvested with a sterile plastic loop (diameter, 4 mm) and inoculated into a small test tube (13 by 100 mm) that was capped with a Teflon-lined screw cap. The procedure described by Stead (22) was used to prepare FAMEs. FAMEs were separated by gas-liquid chromatography with a model 5890A instrument (Hewlett-Packard Co., Avondale, Pa.) by using a fused silica capillary column (25 m by 0.2 mm) that was coated with methyl phenyl silicone (Hewlett-Packard Co.). The computer-controlled parameters for the instrument were those described by KornWendisch et al. (15) . FAME fingerprints were identified by using a Microbial Identification System software package (MIS version no. 3.2) obtained from Microbial ID, Inc., Newark, Del.) and a calibration mixture of known standards (Hewlett-Packard). FAME profiles were compared by subjecting them to a principal component analysis and unweighted, arithmetic average clustering. The software used for cluster analysis was provided by Microbial ID, Inc. Within each FAME group, the fatty acid mean percentages and standard deviations were calculated. We included all of the fatty acids for which the product of the mean relative amount times the percentage of samples containing the fatty acid was more than 0.25%.
DNA-DNA hybridization. DNAs were extracted from 19 representative strains. Each DNA was purified as described by Marmur (17) . The degrees of DNA binding were determined from the initial renaturation rates by using a spectrophotometer (5). The renaturation rates were measured in 2 x SSC ( I X SSC is 0.15 M NaCl plus 0.015 M trisodium citrate, pH 7.0) at the optimal renaturation temperature (80.8"C), which was calculated from the G+C content (4). Each experiment was repeated at least once.
RESULTS

SDS-PAGE protein patterns.
The reproducibility of the electrophoresis technique which we used was checked by preparing 30 protein extracts in duplicate and running all of the extracts in at least two gels. In all cases, a level of reproducibility (r) of more than 0.90 was obtained.
We observed considerable heterogeneity in SDS protein profiles among the X . campestris pv. citri strains. On the dendrogram in Fig. 1 , the lowest level of similarity (r) between groups of strains was about 0.73. Four SDS protein clusters were delineated ( Fig. 1 ). Electropherograms of representative strains belonging to each cluster are shown in Fig. 2 . Cluster 1 was composed of 19 group A strains and 10 culture collection strains. Cluster 2 contained the three group B strains which we studied, the only available group D strain, and, at a lower correlation level, four group A strains. Cluster 3 consisted of the group C strains and two culture collection strains, strains ICMP 8432 and ICMP 8435. Cluster 4 contained all of the group E strains which we studied.
Strain XC222 (group A) had a clearly atypical protein pattern (Fig. 2) and occurred separately on the dendrogram. FAME analysis. All of the strains were analyzed at least twice, and the results were compared by performing a cluster analysis (principal component analysis and unweighted average grouping). Duplicates of the same strain clustered closely at a level of about 2 Euclidian distances on a dendrogram that was produced by using the unweighted average grouping method (data not shown).
On the basis of their FAME profiles the strains which we investigated fell into three major types (Fig. 3) . FAME type 1 consisted of 17 strains belonging to pathogenicity group A, 3 strains belonging to group B, and 9 culture collection strains. FAME type 2 was composed of three strains belonging to group C and two culture collection strains, strains ICMP 8432 and ICMP 8435. FAME type 3 contained 16 strains, all of which belonged to group E.
A total of 24 fatty acids were found. The eight major fatty acids (fatty acids with mean percentages higher than 5.0% for at least one FAME type) were 1l:O iso, 13:O is0 30H, 15:O iso, 15:O anteiso, 16:l cis 9, 16:0,17:1 is0 F, and 17:O is0 (Table 2 ). There was a significant difference in fatty acids 15:O iso, 16:l cis 9, and 17:l is0 F among the three FAME types. FAME type 2 strains contained the highest levels of 15:O is0 (48.0%) and 17:l is0 F (14.7%) but the lowest level of 16:l cis 9 (6.0%). In contrast, FAME type 3 strains contained the lowest levels of 15:O is0 (25.7%) and 17:l is0 F (5.4%) but the highest level of 16:l cis 9 (18.3% 1  AT  AT  1  1  1  2  2  2  2  2  AT  AT  3  3  3  3  3  3  3  3  AT  3  3  3  3  3  3 New Zealand, 1956 New Zealand, 1956 New Zealand, 1956 New Zealand, 1956 India New Zealand, 1958 Japan, 1962 Brazil, 1976 Brazil, 1981 Brazil, 1983 Seven group A strains, one culture collection strain, two group E strains, and the single available group D strain did not belong to any of the FAME types (Fig. 3) . Group A istrains XC63, XC107, XC100, and XC220 had fatty acid ]profiles that were somewhat similar to the FAME type 1 ;profile; strains XC63 and XC107 differed mainly in 15:O is0 Fatty acid contents (26.4 and 29.1%), and strains XClOO and XC220 differed mainly in 16:l cis 9 fatty acid contents (14.8 ,and 15.7%). The other group A strains, strains XC222 and XC206, and culture collection strain ICMP 5809 had different profiles, with much higher levels of 1S:O (7.7 to 9.5%) and lower levels of 15:O is0 (26.9 to 19.5%). Group A strain XC62 (41.3% 15:O iso, 10.4% 16:l cis 9, and 8.1% 17:l is0 F) occupied a position between FAME type 1 and the single group D strain tested, strain XC90. Group D strain XC90 had a fatty acid profile similar to that of FAME type 2 strains, but with a lower level of 15:O is0 (43.4%). Group E strain F231 was related to FAME type 3 strains, but had a higher level of 15:O is0 (31.4%), whereas group E strain F1 had much higher levels of 15:O (13.2%) and 17:l B (7.6%).
DNA-DNA hybridization. A total of 46 DNA hybridization experiments were performed with 19 strains that represented pathogenicity groups A, B, C, D, and E of X . campestris pv. citri. Figure 4 shows a matrix of mean values for DNA-DNA hybridization between pairs of strains. The average overall error of the method, as calculated from duplicates, was L3%. All of the values for homology between X . campestris pv. citri strains were about 60% or greater. A clear division of the matrix could be made at the 80% homology level, yielding the following three homogeneous DNA homology subgroups: subgroup 1, comprising group A isolates and all of the culture collection strains except strain ICMP 8432; subgroup 2, which included pathogenicity group B, C, and D isolates together with collection strain ICMP 8432; and subgroup 3, consisting of all of the group E strains tested. The culture collection strains, for which pathogenicities are not known, are genotypically related to group A, a result which is also consistent with the results of the protein electrophoresis analysis and the FAME analysis.
DISCUSSION
On the basis of the results of SDS-PAGE of proteins and a fatty acid analysis, pathogenicity group A of X . campestris pv. citri is a clearly defined cluster. With both techniques, however, a limited number of group A strains were found to be atypical. Interestingly, four of these strains were the same in both analyses. However, total genomic DNA homology measurements showed that all of the group A strains, including those having atypical protein and fatty acid profiles, exhibited DNA homology values of more than 88%. The homogeneity of group A is in agreement with the results of comparisons of genomic DNA restriction fragment patterns (13) and RFLP analyses (7, 14) , in which group A strains were found to be clonally related and to display very little polymorphism. Nearly all of the culture collection strains, which were received without any phytopathological assignments, belong to group A of X . carnpestris pv. citri. Strains ICMP 8432 and ICMP 8435, which were originally isolated from Citrus nurantifolii in Brazil, unambiguously belong to group C.
The analysis of the protein electrophoresis data showed that group E is not as heterogeneous as might be expected on the basis of RFLP patterns. Except for the strain 3401 and 0498 patterns, the group E protein patterns are rather uniform (see the electropherograms in Fig. 2) . According to the results of the FAME analysis, the group E strains constitute a very uniform group (FAME type 3), which is even more homogeneous than group A (FAME type 1). This finding contrasts with the data of Graham et al. (12) , who found considerable heterogeneity among group E strains, which could to be related to virulence. This apparent discrepancy is rather surprising, since some of our strains were the same as those used by Graham et al. However, we were not able to compare fatty acid levels and standard deviations, as quantitative data were not provided by Graham et a1 .
At the genotypic level also, the group E strains constitute a definite DNA homology group (DNA subgroup 3). Genomic methods, such as RFLP analysis, have revealed significant polymorphism among group E strains. Hartung and Civerolo (14) found that although group E as a whole was not clonal, it consisted of three related clonal subgroups. Lazo et al. (16) have related moderate genomic diversity to a broad host range of the pathogen. These data support the idea that the group E strains of X. campestris pv.
citri originated from an endemic population that was characterized by a broad host range and had a latent ability to attack certain citrus hosts (13). According to this idea, the sudden occurrence of the disease could be explained by the increased cultivation of the susceptible host Swingle citrumelo since 1984 (18). Adaptations to the new host might have taken place in several locations, which could explain the existence of several clonal subgroups. The double bond position represented by B or F is unknown. Fatty acids 15:l is0 H, 15:l is0 I, and 13:O 3 0 H could not be separated from each other by gas chromatography by using the MIS system and together were considered summed feature 2 .
" Fatty acids 17:l is0 I and 17:l anteiso B could not be separated from each other by gas chromatography by using the MIS system and together were considered summed feature 5. Whereas the delineation of pathogenicity groups A and E does not pose great problems, some discrepancies are found in the delineation of groups B, C, and D. According to the results of protein electrophoresis, group B and D strains constitute one type, whereas according to the results of FAME analysis, the group B strains are indistinguishable from group A strains. According to the results of both techniques, the group C strains constitute a distinct cluster. Thus, on the basis of protein and fatty acid profiles, there is no clear indication that group B, C, and D strains form one entity. In DNA hybridization experiments, however, these three pathogenicity groups are indistinguishable. This result is consistent with previous findings that were based on DNA restriction patterns, in which the group B , C, and D strains were found to be clonally related (7, 13, 14). However, we are aware that the number of strains that belong to these groups and were available for study was too limited to arrive at valid conclusions. Figure 5 shows a schematic comparison of the results obtained by different methods in our study and other studies (7, 14) . The phenotypic results (SDS-PAGE protein patterns and FAME profiles) which we obtained confirmed previous findings that group A and group E can be clearly discriminated. However, the most important observation is the significant levels of relatedness among all of the pathogenicity groups of X . campestris pv. citri, including group E, as determined by DNA-DNA hybridization. All of the X . campestris pv. citri strains which we studied exhibited DNA homology values of more than 60% and thus can be considered members of the same species. It has been established previously that of the different genomic methods available, DNA hybridization is the most reliable method for determining taxonomic relationships between and within species, since this method essentially measures levels of total genomic homology. For taxonomic purposes, the results of other genomic methods, such as RFLP analysis, should be interpreted cautiously, especially at species and higher levels. This was clearly illustrated by the levels of relatedness determined by RFLP analyses between pathogenicity group A and groups B and C of X . campestris pv. citri. Gabriel et al. (7) found almost no relationship between group A and groups B and C, whereas Hartung and Civerolo (14) observed a significant level of relatedness, even though in these studies the workers used a number of the same strains. A likely explanation for this discrepancy is that these workers used different probes and/or combinations of probes and restriction enzymes. In studies in which RFLP analysis was used, no significant relationship was observed between group A and group E; these findings were used by Gabriel et al. (8) to argue that these two groups should be reclassified as "Xanthomonas citri" and " X . campestris pv. citrumelo," respectively. Our data do not support this reclassification, but clearly reveal that all of the pathogenic xanthomonads isolated from citrus belong to one species. Young et al. (25) have criticized the reclassification of X . campestris pv. citri by Gabriel et al.; we do not repeat their arguments here. However, the proposal of Gabriel et al. to rename the group B, C, and D strains and the group E strains as two separate pathovars ( X . campestris pv. aurantifolii and X . campestris pv. citrumelo, respectively) might be substantially correct on the basis of phytopathological and taxonomic data. In light of the DNA homology relationships, a more complex picture is appearing as all pathogenic xanthomonads isolated from citrus belong to DNA homology group 1 as defined by Vauterin et al. (24) , together with a number of pathovars isolated from leguminous and other hosts. The placement of all of the actual pathovars into the DNA homology groups should provide the framework for an improved classification of the genus Xanthomonas. Each of the DNA homology groups should be a new Xanthomonas species. As this work is still ongoing, it is premature to propose new Xanthomonas taxa on the basis of the presently available fragmentary data.
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